Hypothesis: That disease or dysfunction of vestibular end organs in human patients will reduce or eliminate the contribution of the affected end organs to the total eye-movement response to DC surface galvanic vestibular stimulation (GVS). Background: It was assumed that DC GVS (at current of 5 mA) stimulates all vestibular end organs, an assumption that is strongly supported by physiological evidence, including the activation of primary vestibular afferent neurons by galvanic stimulation. Previous studies also have described the oculomotor responses to vestibular activation. Stimulation of individual semicircular canals results in eye movements parallel to the plane of the stimulated canal, and stimulation of the utricular macula produces changes in ocular torsional position. It was also assumed that the total three-dimensional eyemovement response to GVS is the sum of the contributions of the oculomotor drive of all the vestibular end organs. If a particular vestibular end organ were to be diseased or dysfunctional, it was reasoned that its contribution to the GVSinduced oculomotor response would be reduced or absent and that patients thus affected would have a systematic difference in their GVS-induced oculomotor response compared with the response of normal healthy individuals. Methods: Three-dimensional video eye-movement recording was carried out in complete darkness on normal healthy subjects and patients with various types of vestibular dysfunction, as diagnosed by independent vestibular clinical tests. The eye-movement response to long-duration bilateral and unilateral surface GVS was measured. Results: The pattern of horizontal, vertical, and torsional eye velocity and eye position during GVS of patients independently diagnosed with bilateral vestibular dysfunction, unilateral vestibular dysfunction, CHARGE syndrome (semicircular canal hypoplasia), semicircular canal occlusion, or inferior vestibular neuritis differed systematically from the responses of normal healthy subjects in ways that corresponded to the expectations from the conceptual approach of the study.
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Conclusion:
The study reports the first data on the differences between the normal response to GVS and those of patients with a number of clinical vestibular conditions including unilateral vestibular loss, canal block, and vestibular neuritis. The GVSinduced eye-movement patterns of patients with vestibular dysfunction are consistent with the reduction or absence of oculomotor contribution from the end organs implicated in their particular disease condition. Key Words: DiagnosisElectrical stimulation-Eye movements-Vestibular diseases.
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Stimulation of the vestibular labyrinth by direct electric current (DC or galvanic stimulation) has been shown to modulate the spontaneous discharge rate of primary vestibular afferents from all vestibular end organs (1) and to produce various behavioral responses including changes in posture, eye movements, and the perception of movement (2) (3) (4) (5) (6) (7) (8) (9) . GVS, like caloric irrigation, and tests of click-evoked vestibular myogenic potential (VEMP tests), can be delivered unilaterally. This is an important advantage considering that most clinical vestibular tests attempt to identify asymmetry or imbalance between healthy and affected labyrinths. GVS can also be thought of as a type of ''broad-spectrum'' or global stimulus, which acts on all the semicircular canals and otoliths, whereas the established caloric tests, headimpulse tests, and VEMP tests each act on a subset of the peripheral organs.
GVS can also be used in the differential diagnosis of peripheral and central vestibular dysfunction and the localization of tumors (10) . If, as suspected, GVS acts at the level of the synapse between receptor cells and neurons, patients with receptor dysfunction (e.g., hair cell damage from gentamicin ototoxicity) can be expected to show abnormal responses on tests of end organ (receptor) function but not to GVS. Patients with central dysfunction, such as that produced by tumors, can be expected to show abnormal responses on both tests of end organ function and GVS.
By employing improvements in painless stimulus delivery using large-surface-area electrodes on the mastoids and three-dimensional video eye-movement response analysis, we have been able to observe systematic eyemovement responses in normal human subjects and patients during prolonged galvanic stimulation.
In our previous study (4), 10 normal subjects showed considerable variability in the magnitudes of various eye-movement response components to GVS in darkness, although the directions of eye-movement responses were consistent across all subjects. Testing in light showed a somewhat different pattern of oculomotor responses because in normal subjects visual fixation tends to suppress the horizontal or vertical oculomotor responses. Significantly, retesting the same subjects a number of times over a period of weeks showed that each individual responds with a repeatable, reliable, and characteristic oculomotor pattern, irrespective of mastoid electrode location. However, there is variability between subjects in the magnitudes of various response components and of temporal characteristics, and we attribute this variability to the idiosyncratic response patterns of particular individuals. This idiosyncrasy in eye-movement responses for normal subjects is thought to result from central mechanisms that compensate for the orientation and asymmetry of peripheral structures (2, 11) . Because this orientation and asymmetry is quite variable between normal subjects (12, 13) , each subject must have an individual relationship or ''look-up table'' between the pattern of end organ function and the occulomotor responses that are compensatory for natural head movements. Presumably, GVS stimulates all end organs similarly, regardless of physical orientation or asymmetry, but is still processed through an individualÕs ''look-up table'' such that different subjects produce different idiosyncratic responses.
In the current study, evidence from previous research on vestibulo-oculomotor function was used to link vestibular activation to oculomotor responses, to allow us to predict how disease or dysfunction of one vestibular end organ would affect the pattern of GVS-induced eye movements. On the basis of the physiological evidence, we reasoned that the total three-dimensional eye movement response to GVS is the sum of the contributions of the oculomotor drive from all the vestibular end organs. The modeled contribution to the GVS-induced eyemovement response from each specific vestibular end organ is based on observations in humans and animals of the oculomotor response from stimulation of the vestibular end organs. Suzuki and Cohen (14) studied the eye movements produced by electrical stimulation of the semicircular canals in the cat and monkey and showed that stimulation of the lateral semicircular canals produces mainly horizontal nystagmus with the slow phases directed toward the anode and away from the cathode. Stimulation of the anterior canal produces downward slow phases and some torsional slow phases, and stimulation of the posterior canal produces upward slow phases and some torsional slow phases. Suzuki et al. (15) showed eye-movement response in anesthetized cat to electrical stimulation of the utricular nerve, which produces changes in ocular torsion position (OTP), with the upper pole of the eyes rotating toward the anode and away from the cathode, as well as a weak skew deviation and horizontal movements.
During GVS in normal healthy subjects, the downward eye velocity produced by stimulation of the anterior canal is opposed by upward eye velocity produced by stimulation of the posterior canal so that the simultaneous stimulation of both vertical canals produces mainly torsional nystagmus with almost no vertical components. In the case of disease or dysfunction of a particular vestibular end organ, we reasoned that that organÕs contribution to the GVS-induced oculomotor response would be reduced or absent and that the GVSinduced oculomotor response of such patients would be systematically different from the response of normal healthy individuals.
In the current study, we compared the eye-movement responses of normal healthy subjects to the responses of patients with various types of vestibular dysfunction as diagnosed by independent vestibular testing and showed that disease or dysfunction systematically distorts the GVS-induced response pattern in ways that are similar to our predictions.
CASE REPORTS

Patient 1
In May 1999, a 49-year old man experienced sudden loss of balance and vertical diplopia with vomiting. Balance improved over a 2-week period but never returned to normal. Five months later, there was another identical attack; after that, his balance remained even worse. Later, he noticed that he could not recognize peopleÕs faces when he walked. There was no hearing problem, and otherwise he was well. On examination there was no spontaneous, head-shaking or positional nystagmus, but there was a severe deficiency of horizontal and vertical vestibulo-ocular reflexes on impulsive testing from all six semicircular canals (16, 17) . On the standard Romberg test the result was negative, but it was positive on a foam mat (18) . Vestibular function tests showed profound bilateral asymmetric impairment of lateral semicircular canal function.
There was a first-degree gaze-evoked right-beating nystagmus of 2 degrees per second in darkness only. Rotational tests (100 degrees/s velocity step) showed a peak nystagmus slow-phase velocity of 12 degrees per second to the left and 32 degrees per second to the right (N . 45 degrees/s) and time constants of less than 2 seconds (N . 15 s) (19) . Caloric testing showed no responses at all from the left even with 0°C irrigation and a response of only 8 degrees per second (N . 25 degrees/s) to 0 degree irrigation on the right. VEMP testing of saccular function showed absent responses from the left and a markedly reduced response of 18 mV (N . 45 mV) from the right (20, 21) . Pure-tone audiograms were within normal limits for a 49-year-old patient. Subjective visual horizontal was set 7 degrees down on the left (N , 3 degrees) indicating impaired left-side utricular function (22, 23) . Brain magnetic resonance imaging (MRI) scan showed white matter changes consistent with long-standing arterial hypertension. The diagnosis was bilateral sequential vestibular neuritis (24) with a Bechterew effect (25) from the second attack.
Patient 2
In April 2000, a 79-year-old man had a sudden attack of acute spontaneous vertigo with nausea and vomiting but no hearing disturbance, headache, or any other focal neurologic dysfunction. Vertigo improved in 24 hours but the patient remained off balance for approximately 2 weeks. On examination a month later, there was a lowvelocity left-beating spontaneous nystagmus in darkness on video-nystagmography. There was no positioning nystagmus or vertigo. There was a severe impairment of vestibulo-ocular reflexes from all three left-side semicircular canals on impulsive testing. The Romberg test result was negative. Caloric testing showed no response even with 0°C irrigation from the right and normal responses from the left. Results of rotational tests and the subjective visual horizontal finding were normal. Click-evoked vestibular myogenic potentials were absent from the right side and normal on the left. The audiogram showed a symmetric, severe high-frequency loss consistent with age and noise exposure. The diagnosis was right-side superior and inferior vestibular neuritis.
Patient 3
A 68-year-old woman had right-side vestibular nerve section in 1988 for intractable benign paroxysmal positional vertigo (BPPV). She was in remission for 10 years, then had a recurrence of BPPV. In the meantime, a progressive right-side hearing loss had developed. The patient was treated with intratympanic gentamicin. On examination there was no spontaneous, head-shaking, or positional nystagmus, but there was a severe deficiency of vestibulo-ocular reflexes from all three right-side semicircular canals on impulsive testing. The result of Romberg test was negative. Caloric tests showed no response from the right even with 0°C irrigation. The SVH was offset 6 degrees to the right, and click-evoked vestibular myogenic potentials were absent from the right ear. There was a 50-to 60-dB sensorineural hearing loss on the right side.
Patient 4
A 67-year-old woman had left-side vestibular nerve section in 1985. Since then, she has had no vertigo attacks but has had a minor but persistent loss of balance. Caloric testing showed no responses from the left side and normal peak slow-phase velocities to 30°C and 44°C irrigation on the right (21 and 42 degrees/s). Horizontal rotational testing showed a directional preponderance to the right with bilateral diminished time constants to 100 degrees/s/s step stimulation (acceleration: right side, 64 degrees/s and 8 s; left side, 29 degrees/s and 6 s). Click-evoked vestibular myogenic potentials were intact from the left ear (26) and head impulses showed preserved posterior semicircular canal function (17) , indicating that only the superior vestibular nerve had been divided, not the inferior nerve.
Patient 5
A 14-year-old girl born with CHARGE association (coloboma of the eye, heart disease, atresia of choanae, retarded growth, genital hypoplasia, and ear abnormalities) (27) (28) (29) . She had no hearing on the left side but had a mean air-conduction threshold of 25 dB on right, no rotational vestibulo-ocular reflex (VOR), and absent impulsive VOR. Tap VEMP was preserved on left and absent on the right (30) . Magnetic resonance imaging scan showed normal cochleae and vestibules; there were no semicircular canals on either side.
Patient 6
An 87-year-old woman presented in February 1997 with positional vertigo of 12 monthsÕ duration. On examination she had left-side posterior semicircular canal BPPV but no impairment of vestibulo-ocular reflexes on impulsive testing. Results of Romberg test and tandem walking showed mild impairment. Caloric testing showed a 40% left-side directional preponderance; audiogram showed a moderately severe, bilateral symmetric highfrequency loss consistent with age. An Epley-type particle repositioning maneuver put her into remission (31) . In May 2001, she presented with violent left-side lateral semicircular canal BPPV (32) . After a month of unsuccessful repositioning maneuvers the left lateral semicircular canal was surgically occluded. The patient had had no postoperative vertigo or nystagmus and no hearing loss. She has been free of positional vertigo since surgery; examination has revealed selective impairment of the left-side lateral semicircular canal vestibuloocular reflexes on impulsive testing.
Patient 7
A 28-year-old woman presented with brief minor vertigo attacks. She had had profound left-side hearing loss since age 3 years. Examination revealed no spontaneous, gaze-evoked, head-shaking, pressure-induced, or positional nystagmus; there was a normal finding on Romberg test. Severe impairment of vestibulo-ocular reflexes from all three left-side semicircular canals was shown on impulsive testing. Caloric testing showed no responses from the left, even with 0°C irrigation, and normal responses from the right. Click-evoked vestibular myogenic potentials were absent from the left side and were normal on the right. Rotational tests showed normal symmetric responses and the subjective visual horizontal finding was also normal. The clinical diagnosis was delayed endolymphatic hydrops (33) .
MATERIALS AND METHODS
Patients
All procedures were in accord with the Declaration of Helsinki and approved by the Institutional Ethics Committees both at the university and at the hospital. All subjects and patients gave informed written consent and were free to withdraw at any time. The stimuli were not painful because of the large surface area of the electrodes.
Eight healthy subjects (5 women and 3 men) (mean age, 45.9 yr; age range, 18-57 yr) volunteered to provide normal data for comparison with patient responses. None of these subjects reported any history of vestibular dysfunction. Seven patients took part in the current study and were tested using long-duration surface GVS. The patients (5 female and 2 male patients) (mean age, 56 yr; age range, 14-87 yr) had previously been diagnosed with vestibular dysfunction of various types (see Case Reports).
A number of other patients were also tested with GVS at approximately the same time but are not described at length in the current study because their oculomotor responses to galvanic stimulation were too small to allow confident interpretation. Many of these patients were diagnosed with vestibular neuritis. The small amplitude of their responses may suggest that patients with vestibular neuritis tend to suppress tonic vestibular input from both healthy and affected sides (see Discussion).
Galvanic stimulation
The methods for stimulation and recording were presented in detail in previous studies (4, 9) . The following is a brief summary highlighting special features of the present study. Large surface electrodes (approximately 1000 mm 2 ) were used to deliver galvanic stimulation. Electrodes were individually cut from electrosurgical plating (3M), generously coated with electrode gel, and placed bilaterally over each mastoid process. An additional electrode was also placed over the vertebra prominens (C7) to act as a neutral (reference) electrode during unilateral stimulation conditions (unilateral stimulation conditions are hereafter referred to only by their active electrode (e.g., AR refers to anode right cathode C7). A customdesigned, battery-driven, isolated current stimulator was used to deliver the desired current over a prolonged period. The current was continuously monitored using an ammeter in series with the subject.
For each condition, eye movements were recorded for 2 minutes before the onset of GVS to provide a baseline. At the end of the 2-minute period, the stimulator was switched on at 0 mA and the current strength was manually increased to 5 mA (4 mA in the case of Patient 5). The current was left at this level for 2 minutes before being manually returned to zero; then the stimulator was switched off. This sequence was repeated until all conditions were completed. Manual adjustment was used for the safe and immediate control of currents. Gradual ramp onset and offset of stimulation (taking approximately 1 s/mA increase or decrease) was chosen because it was better tolerated than instantaneous (square-wave) changes.
The normal subjects were tested in six conditions, four conditions of unilateral stimulation followed by two conditions of bilateral stimulation. The order of conditions was as follows: anode right cathode C7 (AR), anode left cathode C7 (AL), cathode right anode C7 (CR), cathode left anode C7 (CL), anode right cathode left (ARCL), and cathode right anode left (CRAL).
Bilateral testing was omitted with some patients if they were showing signs of fatigue. Thus, Patients 1, 3, and 7 completed the unilateral sequence, but the bilateral conditions were omitted. Patient 2 also completed only four conditions of unilateral testing (but in the order of AR, CR, AL, and CL) to test for any effects of presentation order. Patient 5 (who was young and who had attentional difficulties associated with her syndrome) was tested in only two conditions of unilateral stimulation (AR followed by AL) and at a current strength of only 4 mA.
Procedure
Topically applied pilocarpine nitrate (2%, Chauvin Pharmaceuticals, Romford, Essex, England, U.K.) was used to constrict subjectsÕ pupils and improve the accuracy of torsional eye-movement measurements from video. After these drops were administered to subjectsÕ left and right eyes, subjects were allowed to rest for 20 minutes, to allow the pupils to constrict. After this period, subjects donned the video headset used for eye-movement recording (see next section). Subjects were seated with ReidÕs line (the line joining the inferior margin of the orbit and the middle of the external auditory meatus) approximately earth horizontal, a standard position that is comfortable and provides similar orientation of the otoliths for all subjects and patients. Head and shoulders were held firmly by padded supports. Patient 5 was tested in the presence of a small, dim, centered fixation light, to suppress her vigorous spontaneous nystagmus (associated with this patientÕs diagnosed CHARGE syndrome). In all other cases, testing was conducted in complete darkness. Subjects were given feedback by the experimenter who monitored their eye position and directed them to keep their gaze close to center to control for influences on torsional eye position at eccentric gaze positions, such as those described by ListingÕs Law (34) and AlexanderÕs Law (35) . Testing was conducted in a single session for each subject.
Eye-movement measurement and analysis
Eye movements were recorded using the VidEyeO video analysis technique developed in our laboratory and described previously (36, 37) . The resolution of this method is better than 0.1 degree in position for horizontal, vertical, and torsion and has a sampling rate of 30 Hz. The eyes are illuminated with infrared light sources. Half-silvered (''hot'') mirrors (Coolbeam, OCLI, Santa Rosa, CA, U.S.A.) reflect a close-up image of the pupil and iris pattern onto a lipstick-sized CCD camera (Panasonic WV-CDIE, Matsushito Communications Industrial Co., Yokohama, Japan) while permitting the subject unobstructed vision. To minimize camera slippage relative to the head, the cameras, mirrors, and infrared light sources are mounted on a tight-fitting but comfortable "wraparound" mask. This mask was made of thermoplastic (PolyFlexII, Smith & Nephew) individually molded to the subjectÕs face and held in place by Velcro straps. Our measures of eye position at the beginning and end of the test showed that this method effectively prevented any detectable camera slippage.
Images were recorded onto VHS videotape using two VCRs (binocular recording) and analyzed offline after the test session. Conventions obey the right-hand rule. Clockwise ocular torsional position and slow-phase velocity (where the upper pole of the eye rotates toward the subjectÕs right shoulder) are positive; leftward horizontal position and slow-phase velocity are positive; and downward vertical position and slow-phase velocity are positive. At the beginning of each condition, reference images of both eyes were recorded while the subject gazed at a fixation point and at calibration points at known visual angles. The presumed contributions of each labyrinthine end organ were combined in a LabVIEW G program (National Instruments, Austin, TX, U.S.A.), which allowed visualization of the predicted directions for each class of labyrinthine dysfunction exemplified in the patients.
RESULTS
Results are shown in Figures 1 to 6 . Although there is considerable between-subject variability in the magnitude of the various components of the oculomotor response to GVS, a number of characteristics are common to normal subjects ( Figs. 1 and 3) . At the onset of current delivery there is a change in subjectsÕ ocular torsional position (OTP, TPos), and torsional nystagmus (with both OTP and torsional slow phases directed toward the anode and away from the cathode) (Fig. 1) . In complete darkness (without suppression by visual fixation) there is also a change in subjectsÕ horizontal eye position (HPos), and horizontal nystagmus (with horizontal eye position and the slow phases of horizontal nystagmus directed toward the anode and away from the cathode). In normal human subjects there is negligible vertical position change (VPos) or vertical nystagmus. At GVS offset, the eye position changes and nystagmus reverses direction (i.e., at offset, eye position and slowphase velocity are directed away from the anode and toward the cathode). GVS stimuli that are maintained for many minutes tend to reach a peak within 30 seconds, then start to decay with a time constant in the hundreds of seconds. At GVS offset, responses reverse direction, rapidly reaching a peak overshoot before returning to baseline levels with a similar time constant (4,9).
Spatial plots of eye-movement response
The current study compares eye-movement responses (six components) over a series of stimuli (six to eight conditions) and a set of predicted eye movement patterns (eight types) between a group of normal subjects (n = 8) and a group of patients (n = 7). Since such an undertaking involves nearly a thousand measures, we have developed a new spatial representation of the GVSinduced eye movement responses. A particular response is depicted by collapsing the direction and magnitude of horizontal, vertical, and torsional components onto a single plot or pictogram (Fig. 1, top row) , which shows the magnitude and direction of the position and velocity changes from the clinicianÕs point of view. Figure 2 shows how the magnitude and direction of three eyeposition and three eye-velocity responses can be represented spatially using these pictograms. Figure 3 shows spatial plots in our pictogram format of eye-movement responses for a series of unilateral and bilateral stimuli for eight normal subjects. These plots show that the magnitude and relative proportion of eyemovement response components is quite variable between eight normal subjects, but that the directions of eye-movement responses are quite predictable. Normal responses are also symmetric with respect to stimulated side and to stimulus polarity and show additivity of unilateral conditions to produce the bilateral response (except for torsional position, which is ''dumped out'' by unsuppressed horizontal nystagmus in darkness) (4, 9) . The average response of these eight normal subjects is also shown and provides the nominal values for the predicted magnitudes of the eye-movement components. Figure 4 shows the predicted eye-movement responses to anodal and cathodal current at 5 mA for each of the individual end organs based on the assumptions and previous observations described earlier in the current study.
Observed eye-movement response in normal individuals
Our predictions of the eye-movement response to a particular GVS condition are a simple sum of the contributions from the specific end organs thought to be functional in patients with the particular GVS condition, as follows. The predicted response of a patient with bilateral vestibular dysfunction (i.e., total bilateral vestibular loss) is generated by setting the contribution from all end organs on both sides to zero. Unilateral vestibular dysfunction is generated by setting the contribution from all end organs on the affected side to zero and the contribution from all end organs on the healthy side to the average normal values. CHARGE syndrome is generated by setting the contribution from all canals on both sides to zero and the contribution from the otoliths on both sides to the average normal values. Occlusion of any single semicircular canal or combination of canals (e.g., those which have been surgically blocked for reasons not related to other disease relevant to the GVS response) is generated by setting the contribution from all end organs to the normal values. This is because canal occlusion should not affect the response of the semicircular canal to GVS unless some neural adaptation or compensation has occurred. Neuritis of the superior division of the vestibular nerve is generated by setting the contribution from the utricle, the anterior semicircular canal, and the lateral semicircular canal on the affected side to zero, and the contribution from all end organs on the healthy side to the normal values. Neuritis of the inferior division of the vestibular nerve is generated by setting the contribution from the saccule and the posterior semicircular canal on the affected side to zero, and the contribution from all end organs on the healthy side to the normal values. Obviously, these predictions represent a huge simplification of the likely state of dysfunction affecting any real-world individual. This, combined with the significant variability in responses even for a normal population, means that the predictions are only intended to reflect tendencies that may be evident in the patient responses. Figure 5 shows the predicted eye-movement responses for various types of vestibular dysfunction (columns) and GVS conditions (rows). For each dysfunction type, a unique pattern of predictions can be seen across a number of GVS conditions. For example, in a patient with unilateral dysfunction, the affected side is indicated by the combination of a relatively normal response seen in GVS conditions involving stimulation of the healthy side and a decrement in function seen in the response to GVS conditions involving stimulation of the affected side. Figure 6 shows the observed eye-movement responses of six patients with known types of vestibular dysfunction to a number of GVS conditions. In the following sections, we compare the actual eye-movement response to the predictions described earlier in the current study.
Comparison: Bilateral vestibular dysfunction
A patient with bilateral vestibular loss has markedly reduced or absent function from any vestibular end organ on either side; thus, it was predicted that such a patient should show little eye-movement response to GVS delivered to either side (Fig. 5, column 2) .
The averaged eye-movement response to GVS of Patient 1 (diagnosed with bilateral vestibular loss) showed small horizontal and vertical nystagmus but otherwise minimal responses to GVS (Fig. 6, column 2) . The patientÕs residual responses suggest that there may be some retained function of the left anterior and right posterior semicircular canals and, to a lesser extent, the right lateral canal. These observations are consistent with this patientÕs diagnosis of bilateral vestibular loss (almost total horizontal canal loss (L, 80% paresis: R).
Patient 2 (diagnosed with right-side vestibular neuritis) also showed little response to GVS delivered to either side (Fig. 6, column 3) . A lack of response by many patients with vestibular neuritis is addressed in the discussion.
Comparison: Unilateral right vestibular dysfunction A patient with right-side unilateral loss can be expected to show normal eye-movement responses to GVS delivered to the healthy (left) side and little response to GVS delivered to the affected (right) side, and responses to bilateral stimulation can be expected to be essentially identical to the responses to the unilateral components of the bilateral stimulus (Fig. 5, column 3) .
The eye-movement responses to GVS of Patient 3 (diagnosed by independent tests of vestibular function as having unilateral right-side vestibular loss) showed relatively normal response to GVS on the healthy (left) side, but much smaller oculomotor response to GVS on the affected (right) side (Fig. 6, column 4) . There is substantial asymmetry in the various components of this patientÕs response (indicating greater functional response from the left labyrinth). These observations are consistent with this patientÕs diagnosis of unilateral (right-side) vestibular loss. The unilateral loss in this patient was not due to acoustic neuroma surgery; thus, it is possible that there is some remaining vestibular function on the affected side, as suggested by the GVS-induced oculomotor responses. Figs. 1-6 , indicating the spatial representation of horizontal, vertical and torsional position and velocity eye-movement responses. The black dot at the center of these eye-movement figures can be thought of as a subjectÕs pupil, viewed from the clinicianÕs perspective. The position of the grey dot shows the magnitude and direction in which the pupil moves (horizontal and vertical) in response to the stimuli. The grey segment shows the magnitude and direction of torsional displacement from the upright or 12 oÕclock position. The straight arrow shows the magnitude (length of shaft) and direction of the horizontal and vertical velocity responses (slow phase towards arrow head). The curved arrow shows the magnitude and direction of torsional velocity responses. AR, anode right; AL, anode left; CR, cathode right; CL, cathode left; ARCL, the bilateral stimulus combination of anode right and cathode left; CRAL, the bilateral stimulus combination of anode left and cathode right.
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Comparison: Unilateral left vestibular dysfunction
We assumed that a patient with unilateral vestibular loss would have reduced or absent functional response from any vestibular end organ on the affected side but normal vestibular function on the healthy side. Thus, we predicted that a patient with left-side unilateral loss could be expected to show normal eye-movement responses to GVS delivered to the healthy (right) side and little response to GVS delivered to the affected (left) side, and responses to bilateral stimulation could be expected to be essentially identical to the responses to the unilateral components of the bilateral stimulus (Fig. 5,  column 4) .
The eye movements of Patient 4 (diagnosed by independent tests of vestibular function as having unilateral left-side vestibular loss) showed relatively normal response to GVS on the healthy (right) side, but also revealed a small oculomotor response to GVS to the affected (left) side (Fig. 6, column 5 ). There is substantial asymmetry in the OTP and horizontal nystagmus components of this subjectÕs response (indicating greater functional response from the right labyrinth). These results are consistent with some retained function of at least both otoliths and the lateral semicircular canal on the right, and also suggest that this patient may retain some function in the left lateral canal. This patient also has some hearing preserved on the left side, which may support our conclusion that some nerves were spared on the operated side (vestibular neurectomy) 15 years earlier. These observations are consistent with this patientÕs diagnosis of unilateral (left-side) vestibular loss.
Comparison: CHARGE syndrome
We assumed that a patient with CHARGE syndrome would have no function in any semicircular canal on either side but preserved bilateral function of the otoliths. We predicted that such a subject could not be expected to show substantial eye-velocity response components to GVS but could be expected to show normal otolith-related eye-movement responses or OTP (Fig. 5,  column 5 ).
As predicted, the averaged eye-movement responses to GVS of Patient 5 (diagnosed with CHARGE syndrome) showed an absence of eye-velocity responses to GVS (Patient 5 was tested with a fixation light, which would tend to suppress horizontal and vertical nystagmus); however, the subjectÕs GVS-related OTP changes are consistent with the responses of normal subjects, both in direction and in magnitude (Fig. 6, column 6 ). There is no substantial asymmetry in Patient 5Õs responses. These results are consistent with the predicted lack of any functional response from any of the semicircular canals on either side, accompanied by retained utricular function in Patient 5. These observations are consistent with Patient 5Õs diagnosis of CHARGE syndrome.
Comparison: Semicircular canal occlusion (right lateral canal) We assumed that a patient with any single semicircular canal or combination of semicircular canals surgically occluded would have a normal response to electrical stimulation from all end organs regardless of the insensitivity to mechanical stimulation during angular acceleration caused by the blockage of the flow of endolymph. We made the further assumption that no central modification of the weighting of inputs from various end organs would occur after the block procedure. This assumption is probably not accurate; however, because we do not know whether the signal from a blocked canal is amplified or attenuated, a prediction of ''no change'' was used as a working hypothesis.
The eye-movement responses of Patient 6 (with a right-side lateral semicircular canal occlusion) to GVS showed substantial asymmetry in the OTP and horizontal nystagmus components of Patient 6Õs response (indicating greater functional response from the right side) ( Figure 6, column 7) . These results are consistent with retained and even augmented response from the occluded semicircular canal.
Comparison: Vestibular neuritis (right inferior division) We assumed that a patient with unilateral neuritis of the inferior division of the vestibular nerve would have no functional response from either the saccule or the posterior semicircular canal on the affected side. The utricle and the lateral and anterior semicircular canal on the affected side, as well as all end organs on the healthy side, are assumed to be functionally normal. The resulting prediction is that a subject with right-side inferior-division neuritis could be expected to show vertical nystagmus in response to GVS delivered to the affected (right) side, as a result of the imbalance in activity of the vertical canals, specifically, that anodal stimulation could be expected to generate downward slow-phase velocity (SPV). OTP and horizontal and torsional nystagmus are predicted to be normal (Fig. 5,  column 9) .
The eye-movement responses of Patient 7 (diagnosed with ''vertigo'') show vertical nystagmus (with slow phases directed down) in response to anodal GVS delivered to the right (affected) side. GVS delivered to the left (healthy) side produced relatively normal eye-movement responses, including absent vertical components, in Patient 7 (Fig. 6, column 8) . There is substantial asymmetry in the OTP and horizontal and vertical nystagmus components of this subjectÕs response (indicating greater functional response from the left side. (Note that the asymmetry in vertical SPV indicates that the right side is abnormal because of the larger vertical response on the right, whereas the smaller OTP and horizontal SPV indicate reduced function on the right.) These results are consistent with retained functional response from all end organs except the saccule and posterior semicircular canal on the affected (right) side, which would be consistent with a diagnosis of unilateral (right-side) inferior-division neuritis.
Response differences
The responses of patients are quite different from those of healthy normal subjects in a number of ways, including response magnitudes, directions, and symmetry between sides. The oculomotor components and directions of the GVS-induced responses are consistent with the predictions for their specific type of vestibular dysfunction based on considerations of the oculomotor contributions of each vestibular end organ. The eyemovement responses of patients with known types of vestibular dysfunction are consistent in many respects with the predictions which assume that GVS tends to stimulate all end organs in an idiosyncratic yet predictable fashion.
DISCUSSION
In previous studies with normal subjects, we have shown that an individualÕs eye-movement response pattern to GVS is idiosyncratic but repeatable; that normal subjects show symmetric responses to GVS delivered to the left or right mastoid and to anodal or cathodal current polarities; that the magnitude of an individualÕs eye-movement response to GVS is a linear function of the magnitude of the current passed, modulated by the individualÕs own sensitivity or gain; and that the response in darkness to bilateral GVS stimulation seems to be a simple sum of the responses to unilateral stimulation of each side (4, 9) .
These results and previous evidence regarding the eye-movement components and directions associated with stimulation of each vestibular end organ have formed the bases for predictions of the eye-movement responses of patients with independently diagnosed dysfunction of particular vestibular end organs. Such patients have been tested, and their responses have been consistent with our predictions. In each case, the response predicted is derived by modifying the contribution of the sensory regions affected by the diagnosed lesion (e.g., minimizing the contribution of all end organs on the left side in the case of a patient with surgical unilateral loss on the left side). The idealized response could then be ''fine-tuned'' to match the subjectÕs observed response by making symmetric modifications to the activation of sensory regions within a range consistent with the variability seen in a normal population.
Of the 10 patients in our original sample, 5 showed responses that included one or more diagnostically significant features, such as remaining vestibular function, asymmetry in response from each labyrinth, and vertical responses from an imbalance of anterior and posterior canals. The other half of our patient sample showed little response to GVS; this reduced response may be due to a number of possible causes. Patients may have bilateral dysfunction attributable to various causes, including the degeneration associated with aging; they may have unilateral dysfunction that produces an imbalance between the two labyrinths which is compensated for by central suppression of signal from both sides; or they may simply be individuals who, like the extremes of the normal continuum, are insensitive to GVS.
It is important to bear in mind that the absence of a particular response component to GVS does not implicate vestibular dysfunction, because of the variability in response of normal healthy subjects. An absence of response to GVS could result equally from normal variations in factors such as the impedance paths between delivery at the surface and stimulation at the spike trigger zone or from abnormal disruptions anywhere along the signal path from the spike trigger zone through central processes and oculomotor output. Therefore, the absence of eye-movement response to GVS does not necessarily implicate end organ dysfunction. In contrast, the presence of an eye-movement response to GVS indicates effective delivery of the stimulus, as well as entailing the function of everything upstream from the site of activation (the spike trigger zone of primary afferents) (1) . This means that patients with vestibular loss that has been inferred from other tests may still show responses to GVS (even after undergoing surgical ablation) if some primary afferent nerve endings remain. Because a GVS test (like all clinical tests) would not be absolutely conclusive, accurate diagnosis is likely to remain a question of evidence from a number of different sources. Therefore, GVS testing will add to rather than replace the information from other vestibular tests. However, developments in three-dimensional eye-movement recording systems and GVS delivery methods may provide indicators of remaining vestibular function, of asymmetry in response from each labyrinth, and of vertical responses from an imbalance of anterior and posterior canals, all of which would be useful in a clinical, diagnostic, or therapeutic setting, or a combination of these.
